Background: The Janus kinase/signal transducer and activator of transcription
| INTRODUCTION
Colorectal cancer (CRC) induces a systemic inflammatory response, possibly from proinflammatory cytokine production by colorectal tumor cells, the tumor microenvironment, or both. 1 Systemic inflammatory response, as measured by markers including elevated C-reactive protein (CRP), is linked to the poor prognosis of CRC. 1 Evidence shows that the Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling pathway plays a role in the systemic inflammatory response in CRC. [1] [2] [3] [4] [5] [6] Ruxolitinib, an oral selective inhibitor of JAK1/JAK2, is approved by the United States Food and Drug Administration and the European Medicines Agency for adult patients with intermediate-risk or high-risk myelofibrosis, and for patients with polycythemia vera who have an inadequate response to or are intolerant of hydroxyurea. 7, 8 Of note, a subgroup analysis of the randomized, phase 2 RECAP study suggested a survival benefit with ruxolitinib in combination with capecitabine vs. capecitabine alone, in patients with metastatic pancreatic cancer and high levels of systemic inflammatory response. 9 Regorafenib is an oral multi-targeted kinase inhibitor that targets angiogenic, stromal, and oncogenic receptor tyrosine kinases. 10 Regorafenib has demonstrated improved survival in patients with metastatic CRC (mCRC) who have progressed after all standard therapies 11 and is approved for treatment of patients with refractory mCRC. We hypothesized that the combination of ruxolitinib and regorafenib could represent a novel approach to reprogram the tumor microenvironment by simultaneously targeting inflammatory cells associated with colorectal carcinogenesis, such as myeloid-derived suppressor cells or regulatory T cells, along with angiogenesis. 12 Regorafenib also does not cause cytopenias to the degree that is associated with conventional chemotherapy regimens, and the nonhematologic regorafenib, had an established cardiac or gastrointestinal disease, or had an active infection requiring treatment were excluded. >10 mg/L) and substudy 2 (patients with low systemic inflammation, ie, CRP ≤10 mg/L); the primary endpoint was overall survival (OS).
Results:
The study was terminated early; substudy 1 was terminated for futility at interim analysis and substudy 2 was terminated per sponsor decision. Ruxolitinib 20 mg BID was well tolerated in the safety run-in (n = 11). Overall, 396 patients were randomized (substudy 1: n = 175 [ruxolitinib group, n = 87; placebo group, n = 88]; substudy 2: n = 221 [ruxolitinib group, n = 110; placebo group, n = 111]).
There was no significant difference in OS or progression-free survival (PFS) between toxicity profiles of regorafenib and ruxolitinib generally do not overlap. 13 Thus, we designed a 2-part phase 2 study to assess whether the addition of ruxolitinib to regorafenib would be safe and would increase the efficacy of regorafenib in patients with relapsed/refractory mCRC.
| METHODS

| Study design
The open-label, safety run-in phase (part 1) verified the safety of the selected doses of ruxolitinib and regorafenib. Treatment cycles continued as long as the regimen is tolerated and the patient does not meet the discontinuation criteria.
b Ruxolitinib starting dose was 20 mg, but it could potentially be reduced to 15 mg and 10 mg. f Patients who have stable laboratory parameters for neutrophils and platelets (i.e., ≤ grade 1) for 2 complete cycles will be eligible for an increase in the dose of ruxolitinib (maximum dose 20 mg BID). Abbreviations: BID; twice daily; CRP, C-reactive protein; DLTs, dose-limiting toxicities; mGPS, modified Glasgow Prognostic Score; NA, North America; QD, once daily; R, randomization; ROW, rest of world Planned enrollment into subsequent cohorts at lower doses would be based on the occurrence of ≥3 protocol-defined dose-limiting toxicities (DLTs) in a given cohort during cycle 1. If ruxolitinib 20 mg BID was deemed to be tolerated in part 1, the starting dose of ruxolitinib in part 2 would be 15 mg BID with titration to 20 mg BID allowed in patients who tolerated the combination. If ruxolitinib 15 or 10 mg BID was determined to be tolerated in part 1, treatment in part 2 would begin with these doses, respectively, and titration to higher doses of ruxolitinib would not be allowed.
In part 2, patients within substudies 1 and 2 were randomized to the ruxolitinib or placebo groups at doses determined in part 1. All treatments were oral, self-administered, and consisted of repeating 28-day cycles.
| Assessments
The primary objective of part 1 was to determine safe and tolerable doses of ruxolitinib and regorafenib when administered in combination, with safety and tolerability being the primary endpoint. The primary objective of part 2 was to evaluate and compare overall survival (OS; primary endpoint; defined as time from randomization to death due to any cause) between the ruxolitinib and placebo groups. Secondary endpoints (part 2 only) included progression-free survival (PFS; defined as time from randomization to the earlier of death or disease progression), objective response rate (ORR), and safety.
All adverse events (AEs) were recorded according to the Medical Dictionary for Regulatory Activities code, version 17.0 and World Health Organization Drug Dictionary (March 2014 version). Severity of AEs was described and graded using the National Cancer Institute Common Terminology Criteria for Adverse Events version 4.03.
Exploratory analyses included body weight, healthrelated quality of life (HRQoL), pharmacokinetics, and biomarkers. Patients' HRQoL was assessed using the Functional Assessment of Cancer Therapy-Colorectal (FACT-C) questionnaire (version 4). 15 
| Statistical analysis
For part 1, based on the cohort size of 9, we estimated that the probability of observing DLT rates of ≥33.3% was 54% when the true toxicity rate was 30%. Sample size estimation for part 2 was based on the primary endpoint of OS. Final analyses were planned when 121 and 125 deaths occurred in the 2 combined treatment groups of substudies 1 and 2, respectively. For both substudies, the number of events above would provide 80% power to detect a hazard ratio (HR) of 0.6 based on a 2-sided type 1 error of 0.05, an interim analysis (efficacy and futility for substudy 1; futility only for substudy 2) of OS at 50% of the total events. Within an 18-month accrual period, 160 and 186 patients were planned to be randomized (1:1) in substudy 1 and substudy 2, respectively. An interim analysis was planned when approximately 61 and 63 deaths occurred in the 2 combined treatment groups in substudy 1 and substudy 2, respectively.
For both substudies in part 2, a stratified log-rank test was used to analyze the OS and PFS differences between treatment groups. The HR and its 95% confidence interval (CI) was estimated based on the stratified Cox regression model using Efron's method accounting for ties. The analyses of OS and PFS were stratified by mGPS status (1 vs. 2) and geographical region (NA vs. ROW) in substudy 1, and by geographical region in substudy 2. ORR was compared between treatment groups in substudy 2 using Fisher's exact test. Subgroup analyses of OS by mGPS at baseline (1 vs. 2 [substudy 1 only]), geographic region (NA vs. ROW), ECOG PS at baseline (0 vs. 1; 0 vs. 2), gender (male vs. female), and age (≤65 y vs. >65 y) were performed. The HR and 95% CIs were provided for each subgroup comparison based on the Cox proportional hazards model.
The safety run-in population included all patients enrolled in part 1 who received ≥1 dose of ruxolitinib or regorafenib. Data were summarized by assigned dose groups. For part 2, efficacy analyses were conducted on the intent-to-treat (ITT) population (all randomized patients); safety and tolerability analyses were conducted on the safety population (all randomized patients who received ≥1 dose of regorafenib, ruxolitinib, or placebo).
Body weight and change from baseline in body weight at scheduled assessment times were summarized. A linear, mixed, repeated-measures model was used to model FACT-C scale and subscale scores at the start of each cycle. Analyses were performed using SAS version ≥9.0 (SAS Institute, Cary, North Carolina). enrolled in part 1 and part 2 (substudy 1: n = 175; substudy 2: n = 221), respectively. Substudy 1 was terminated for futility (27 January 2016) based on a review of the interim analysis by the data monitoring committee. These results, together with results from an interim analysis from a phase 3 trial of ruxolitinib plus capecitabine that showed no additional benefit over capecitabine alone in patients with advanced pancreatic cancer and high systemic inflammation, 16 led to the termination of substudy 2 (11 February 2016). Enrollment was complete at the time of study termination. The number of events required for final efficacy analyses was reached in substudy 1 but not in substudy 2. Patients who were deemed by the investigator to be deriving benefit were allowed to continue treatment after discussion with the sponsor medical monitor.
| RESULTS
| Part 1: Patient Disposition,
Exposure, and DLTs
In part 1, all 11 patients enrolled received ruxolitinib 20 mg BID plus regorafenib 160 mg QD. Median exposure was 110 and 105 days for ruxolitinib and regorafenib, respectively. Dose reduction was noted in 2 patients (18.2%) for ruxolitinib and 6 patients (54.5%) for regorafenib. All 11 patients Onesided P value calculated from log-rank test stratified by mGPS score and geographical region in substudy 1, and by geographical region in substudy 2. Abbreviations: CI, confidence interval; HR, hazard ratio; mGPS, modified Glasgow Prognostic Score; NE, not estimable; OS, overall survival discontinued treatment: 5 (45.5%) due to disease progression, 3 (27.3%) due to AEs, 1 (9.1%) due to death (cardiac arrest, unrelated to either study drug), and 2 (18.2%) for other reasons. All patients experienced ≥1 treatment-emergent adverse event (TEAE); all patients (except 1) experienced ≥1 grade 3/4 TEAE. The most common grade 3/4 nonhematologic TEAEs were palmar-plantar erythrodysesthesia (PPE) syndrome (n = 3; 27.3%) and hypertension (n = 2; 18.2%). The most common grade 3/4 hematologic AEs (new/worsening laboratory abnormalities) were anemia (n = 4; 36.4%) and thrombocytopenia (n = 2; 18.2%). Seven patients (63.6%) experienced serious AEs (SAEs; abdominal pain, bacteremia, cardiac arrest, gastroenteritis, hyperbilirubinemia, perirectal abscess, pneumonia, pyrexia, sepsis, and small intestine obstruction [n = 1 each; 9.1%]).
One patient experienced a DLT of grade 3 PPE syndrome. Treatment was interrupted for 25 days, following which the toxicity resolved to grade 2 and the patient restarted treatment with a reduced dose of regorafenib (80 mg QD) with no change in the dose of ruxolitinib.
As <3 DLTs were reported in cycle 1 of part 1, per protocol, doses of ruxolitinib 15 mg BID and regorafenib 160 mg QD were selected for investigation in part 2, with titration to ruxolitinib 20 mg BID allowed in patients who tolerated the combination.
F I G U R E 4 Progression-free survival
Kaplan-Meier plots of substudy 1 and substudy 2 (intent-to-treat population). a Calculated using the method of Brookmeyer and Crowley (1982) . 29 b Estimated using a Cox regression model with Efron's method used for ties, stratified by mGPS score and geographical region in substudy 1, and by geographical region in substudy 2. In substudy 1, 87 and 88 patients were randomized into the ruxolitinib and placebo groups, respectively. In substudy 2, 110 and 111 patients were randomized into the ruxolitinib and placebo groups, respectively. Baseline characteristics were similar across groups in both substudies (Table 1) . Of 175 patients in substudy 1, 171 patients (97.7%) received treatment ( Figure 2 ). For ruxolitinib and placebo, median exposure was 57 and 56 days, respectively. For regorafenib in the ruxolitinib and placebo groups, median exposure was 57 and 49 days, respectively. Treatment discontinuations were mainly due to disease progression or AEs (Figure 2 ). Six patients were still receiving study treatment at the time of study termination.
Of 221 patients in substudy 2, 212 (95.9%) received treatment (Figure 2 ). For ruxolitinib and placebo, median exposure was 106 and 56 days, respectively. For regorafenib in the ruxolitinib and placebo groups, median exposure was 103 and 49 days, respectively. Treatment discontinuations were mainly due to disease progression or AEs (Figure 2) . Twentythree patients were still receiving study treatment at the time of study termination. Dose modifications are provided in the supplemental material (Table S1 ).
| Efficacy
No statistically significant difference was observed between treatment groups of substudies 1 or 2 for the primary endpoint of OS ( Figure 3A,B) . Similarly, statistical significance was not achieved for PFS or ORR (Figure 4A ,B; Table 2 ); however, there was a nonsignificant trend toward improved PFS a Fatal TEAEs in substudy 1: general physical health deterioration (n = 3, ruxolitinib group; n = 2, placebo group); acute respiratory failure (n = 1 each group); disease progression (n = 2, ruxolitinib group); gastrointestinal hemorrhage, large intestinal obstruction, hepatic failure, sepsis, hepatic encephalopathy, obstructive pulmonary disease, and suicide (n = 1 each, ruxolitinib group); dyspnea (n = 2, placebo group); multi-organ failure, obstruction, bile duct obstruction, hepatorenal syndrome, and malignant neoplasm progression (n = 1 each, placebo group). Fatal TEAEs in substudy 2: dyspnea (n = 1 each group); anemia and myocardial infarction (n = 1 each, ruxolitinib group); arrhythmia, coronary artery arteriosclerosis, abdominal distension, vomiting, and general physical health deterioration (n = 1 each, placebo group).
in the ruxolitinib group compared with the placebo group in substudy 2 ( Figure 4B ). In subgroup analyses, OS was not significantly improved by ruxolitinib plus regorafenib vs. placebo plus regorafenib for any baseline factor tested, in either substudy 1 or 2 ( Figure S1a,b) . In exploratory analyses, no meaningful differences between treatment groups were observed in changes from baseline in body weight, HRQoL, FACT-C score, or CRP levels (Data S1).
| Safety
All patients (except 1 in substudy 2, placebo group) experienced ≥1 TEAE (Table 3) . The most common grade 3/4 nonhematologic TEAEs were PPE syndrome, hypertension, and abdominal pain ( Table 4 ). The most common grade 3/4 hematologic AEs (new/worsening laboratory abnormalities) were anemia and lymphopenia (Table S2 ). SAEs occurring in ≥5 patients in any group of either substudy were abdominal pain, sepsis, pneumonia, dyspnea, and small intestinal obstruction. Twenty-one and 6 patients experienced fatal TEAEs in substudies 1 and 2, respectively (Table 3) ; 1 fatal TEAE (suicide in substudy 1) was deemed related to ruxolitinib and regorafenib.
| DISCUSSION
In this study in patients with relapsed/refractory mCRC, ruxolitinib combined with regorafenib did not show increased safety concerns; however, no survival benefit was observed in the ruxolitinib vs. the placebo group. Results from this study suggest that further investigation of ruxolitinib combined with regorafenib in mCRC is not warranted.
Several preclinical studies suggested the use of selective JAK1/2 inhibitors as potential therapy for treatment of CRC, thereby, providing a rationale for randomized controlled trials. 17, 18 Also, a subgroup analysis of the randomized, phase 2 RECAP study suggested a survival benefit with ruxolitinib in combination with capecitabine vs. capecitabine alone, in patients with metastatic pancreatic cancer and high CRP levels. 9 Altogether, these results suggested a potential benefit of JAK inhibition in solid tumors. However, 2 phase 3 studies (JANUS 1 and JANUS 2) that assessed the efficacy and safety of ruxolitinib plus capecitabine in patients with metastatic pancreatic cancer requiring second-line therapy were prematurely terminated based on an interim futility analysis. 16 Furthermore, data from the present randomized study do not support the utility of ruxolitinib in patients with relapsed/refractory mCRC regardless of levels of inflammation. Whereas it is possible that ruxolitinib might offer greater benefit if introduced earlier in the course of CRC, a study designed to assess this could be confounded by the larger number of available treatment options and the pronounced disease heterogeneity in early stage CRC vs. late stage CRC. 19 Such a study would also require a larger sample size than that of the current study. With or without ruxolitinib, median OS in substudy 1 (4.6 and 5.3 months, respectively) was slightly lower than that observed in the phase 3 CORRECT study evaluating regorafenib vs. placebo in patients with refractory mCRC (6.4 months with regorafenib). 11 However, compared with substudy 1, the median OS in substudy 2 was approximately twice as long (11.4 and 10.9 months in the ruxolitinib and placebo groups, respectively). The reason for the overall prolonged OS in substudy 2 vs. substudy 1 could be the lower levels of systemic inflammation (ie, mGPS 0 vs. 1/2, respectively). This is in line with a review of data from over 30 000 patients with different tumor types across 60 studies, which showed that chronic systemic inflammatory response, as evidenced by high GPS/mGPS, is clearly associated with poorer prognosis. 14 As no systemic inflammation-based stratification was performed in the CORRECT study, this may explain why patients treated with regorafenib in the CORRECT study had longer median OS than those in substudy 1, but shorter than those in substudy 2. These results underscore the importance of further identification of biomarkers (eg, other determinants of inflammation such as thrombocytosis or lymphocyte/ neutrophil ratio) and patient clinical characteristics that could predict for benefit in mCRC, to improve patient selection for future treatment strategies. For example, a cohort study of regorafenib use in clinical practice in patients with refractory mCRC (the REBECCA study) showed that a high ECOG PS (≥2), a shorter time from initial diagnosis of metastases (<18 months), an initial regorafenib dose <160 mg, >3 metastatic sites, liver metastases, and KRAS mutations were independently associated with poorer survival. 22 In addition to the key role of systemic inflammation and JAK/STAT pathway activation in various solid tumors, evidence suggests that clinical responses to chemotherapy can be improved if immunogenic cell death pathways are concurrently activated. 23 A preclinical study of an immunocompetent syngeneic PAN02 pancreatic model showed that combining JAK inhibitors with other immunomodulatory agents inhibiting indoleamine-pyrrole 2,3-dioxygenase 1 (IDO1), phosphatidylinositol-3 kinase delta (PI3Kδ), or programmed death-1/programmed death-ligand 1 (PD-1/ PD-L1) resulted in enhanced antitumor activity. 24 Therefore,
there may yet be value in combining JAK inhibiors with chemotherapy and/or immune response modifiers. Given the persistent importance of JAK/STAT signaling pathway in tumorigenesis in various cancers, including colorectal cancer, it is possible that simultaneous targeting of other regulators involved in this complex pathway and the optimization of combination therapy regimens may hold potential to achieve improved outcomes. Overall, the safety profile of ruxolitinib 15-20 mg BID in combination with regorafenib in patients with relapsed/ refractory mCRC was acceptable and was consistent with that reported in previous trials of ruxolitinib in other tumors. 9, [25] [26] [27] [28] No new safety concerns were reported for either treatment groups in either substudy.
In conclusion, results from our study do not support the use of the combination of ruxolitinib with regorafenib in patients with relapsed/refractory mCRC.
